the "Guidelines for Proper Conduct of Animal Experiments" developed by the Science Council of Japan. All of the studies including animals are reported according to "Animals in Research: reporting In Vivo Experiments" guidelines as introduced by McGrath et al. 7 All efforts were made to minimize animal suffering and the number of animals needed to obtain reliable results.
Six-week-old male Wistar rats (180-210 g; JSLC, Shizuoka, Japan) were used for the purpose of the present study. The animals were housed in a room with a 12 h day/night cycle, temperature of 21 ± 2°C, and humidity of 45%-65%. Initially, the animals were divided randomly into four age-matched groups. The control group (Control) was consisted of ten animals, and at the beginning of the experimental period, they were administered an injection of a vehicle dose of 0.1 mol l −1 citrate-phosphate buffer (pH 4.2) intraperitoneally (i.p.) once. The remaining three groups were administered a single dose of streptozotocin (50 mg kg −1 ) i.p. dissolved into 0.1 mol l −1 citrate-phosphate to induce diabetes. 6 The induction of diabetes was confirmed by measuring the urinary glucose with Pretest 3a II (Wako Pure Chemical, Osaka, Japan) 1 day after the streptozotocin injection, as previously described. 6 The animals that demonstrated more than (+++) of urinary glucose levels were included in the study. The induction of the diabetes was successful in all animals. One diabetic group (DM group, n = 20) was treated with 0.5 ml saline i.p. Another group of diabetic animals (DM/Eda, n = 10) was treated with edaravone i.p. 10 mg kg −1 and the third diabetic group (DM/Tau, n = 10) was administered taurine i.p. 500 mg kg −1 . The treatment started 2 days after the induction of diabetes, and it was administered once every day for 4 weeks. The doses of edaravone and taurine were based on previous published work from our laboratory. 6 At the completion of the treatment period, the male rats were expected to have reached the age of sexual maturation (10-week-old). The animal groups were kept under identical conditions and had access to food and fresh drinking water ad libitum.
Five days before the completion of the treatment, mating studies were performed. After the separation from the female rats, all male rats were sacrificed with an overdose of pentobarbital (60 mg kg −1 i.p.). Blood samples were collected from the vena cava. Body weights and bilateral seminal vesicles weights were recorded. A sample of the seminal vesicles was prepared for the in vitro bath functional studies, another part of the tissue was fixed in 10% formalin solution, whereas another sample from seminal vesicles was immediately frozen and stored at −80°C until used. The stored blood samples and seminal vesicles tissues were used for biochemical and molecular studies.
In vitro organ bath studies
The contraction functional studies were performed according to our previous report. 8 The seminal vesicles were cut into approximately 3-mm-long segments. Each section was suspended on a wire hook in an organ bath (25 ml) containing Krebs-Henseleit solution, and bubbled with 5% CO 2 and 95% O 2 (37°C). One hook was suspended from a transducer (type 45196A, San-ei Instruments, Tokyo, Japan) and the lower hook was fixed to a plastic support leg to a micrometer (Mitutoyo, Tokyo, Japan). Each segment was equilibrated unstretched for 30 min. A load of 1.0 g was applied to each segment by micrometer adjustment, and the load was readjusted to this level 30 min later. Changes in the tone were recorded by a force transducer on a personal computer (Macintosh G3; Apple Computer, Cupertino, CA, USA) by the use of Chart version 3.6.9 software and a PowerLab/16sp data acquisition system (AD Instruments, Castle Hill, Australia). Following a 30-min period of equilibration, the segments were exposed to 100 mmol l −1 KCl. In the seminal vesicle sections, the contractile response to norepinephrine (1 × 10 ) was determined cumulatively.
After a 60-min washout period, the same procedure was followed for contractile responses induced by carbachol (1 × 10 −7 -3 × 10 −4 mol l −1 ) and they were also determined cumulatively. The data for the contractions induced by norepinephrine or carbachol were normalized by the area of the seminal vesicular sections.
Measurement of serum glucose concentrations
The hexokinase method was used to measure glucose concentrations in the serum of the experimental animals (Glucose CI, Wako Pure Chemical, Osaka, Japan). The method was carried out according to the manufacturer's instructions. Twenty-four hours before sacrificing the animals, the food was removed.
Measurements of oxidative damage in the serum and seminal vesicles
To investigate the levels of diabetes-induced oxidative damage in the serum and seminal vesicles, the concentrations of malondialdehyde (MDA) were measured using a commercially available kit (NWLSSTM Malondialdehyde Assay, Northwest Life Science Specialties, LLC, Vancouver, WA, USA) according to the manufacturer's instructions. MDA was used as a reliable marker for evaluation of lipid peroxidation. The method that was performed is described in detail in our previous study.
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Evaluation of peripheral serum testosterone levels The testosterone levels were measured in the serum, and they were assessed using an enzyme immunoassay kit for testosterone (Oxford Biomedical Research ® ; Enzyme Immunoassay for testosterone Product No. EA 78; Oxford Biomedical Research, Rochester Hills, MI, USA) following the manufacturer's instructions. The blood samples were always taken at the same time of the day as testosterone secretion is pulsatile and it can change significantly during the day.
Hematoxylin eosin staining and Masson's trichrome staining
After fixation, the seminal vesicles were embedded in paraffin. Tissue sections (5 µm) were cut from the paraffin blocks. Sections were deparaffinized, gradually hydrated, and examined by (a) hematoxylin and eosin (H and E) staining and (b) Masson's trichrome staining. Each section was viewed under light microscope at ×400 magnification. Histological examinations were done by a pathologist blinded to the experiment. Seminal vesicles were evaluated histologically for alterations in both muscular layer and epithelium.
Immunohistochemistry for oxidative stress parameters and apoptosis First, the samples were deparaffinized in xylene (×3 times) and rehydrated in graded alcohols (100% ×2, 95% ×2, 70% ×1, 60% ×1). Then, the sections were subjected to antigen retrieval using a microwave in a 10 mmol l −1 citrate buffer (pH 6.0) for 10 min (this step was skipped for MDA). Triton X-100 incubation followed only for the 8-hydroxy-2'-deoxyguanosine (8-OHdG) samples for 10 min and afterward washing with PBS (×3 times). Accordingly, the samples were incubated in 0.3% H 2 O 2 for 15 min. After washing with PBS, blocking was performed using 1.5% normal horse serum (Vectastain, Peroxidase mouse IgG, PK-4002; Elite Vectastain Rabbit IgG PK-6101, Vector Laboratories, CA, USA) for 30 min in a humidified chamber in room temperature. The diluted first antibody was applied and the samples were incubated overnight at 4°C in a humidified chamber as well. The primary antibodies that we used were a mouse monoclonal antibody against 4-hydroxy-2-nonenal (4-HNE; 1:5, Japan Institute for the Control of Aging, Shizuoka, Japan), a mouse monoclonal antibody against 8-OHdG (1:10, Japan Institute for the Control of Aging, Shizuoka, Japan), a mouse antibody against MDA (1:50, NOF Corporation, Tokyo, Japan), and a rabbit monoclonal antibody against cleaved caspase-3 (1:2000, #9664, Cell Signaling Technology, Inc., Danvers, MA, USA). The next day, after washing with PBS 3 times for 5 min, biotinylated horse anti-mouse or anti-rabbit IgG (1:200) was applied onto the tissue sections, and incubated for 30 min at room temperature in humidified chamber. Immunoreaction was performed with an avidin-biotin complex alkaline phosphatase kit (Vectastain, Vector Laboratories, Burlingame, CA, USA). The sections were counterstained with hematoxylin. Negative control sections, which were incubated in the absence of the primary antibody, were also processed and evaluated for specificity or background staining levels.
Mating studies
Each male rat was placed for 5 days in the same cage with two female rats. Five days is the length of one complete estrous cycle in the rat. 10 The female rats were of proven fertility, having regular cycles as determined by the vaginal smears. Afterward, female rats were separated and placed in individual cages. Twenty-one to twenty-three days after the mating studies, the number and weight of the newborns were recorded.
Data analysis
The values of ED 50 and E max were obtained by a Macintosh computer (G3) loaded with Chart version 3.6.9 software and a PowerLab/16sp data acquisition system. The data of the contractions induced by norepinephrine or carbachol were normalized by the cross-sectional area in square millimeters. 8 The cross-sectional area was calculated according to the following equation: cross-sectional area = weight/ (length × 1.05), where 1.05 is the supposed density of the muscle. 8 Data are shown as means ± s.e.m. of nine separate determination from each group. A statistical comparison of differences between groups was performed using analysis of variance and Fisher's multiple comparison tests. P < 0.05 was considered statistically significant.
Drugs and chemicals
Edaravone was kindly provided by Mitsubishi Tanabe Pharma Corporation (Osaka, Japan). Streptozotocin and taurine were purchased from Sigma-Aldrich (St. Louis, MO, USA). All chemicals not otherwise mentioned were reagent grade and available commercially.
RESULTS

Diabetes-induced smaller size of the animal body and seminal vesicles
At the end of the experimental period, 12 of 20 male rats had survived from DM group, 9 of 10 animals from DM/Eda group, and 9 of 10 animals from DM/Tau group. All 10 animals from Control group were alive. Therefore, nine animals were used per group for evaluation. The survival rate for the Control group was 100%, for the DM group was 60%, and for the treatment groups was the same at 90%. Animals in the DM group had significantly lower body weights and seminal vesicular weights compared to the Control group (P < 0.0001 and P < 0.0001, respectively). Treatment with edaravone and taurine significantly increased body weight (BW) (P = 0.0015 and P = 0.0009, respectively), seminal vesicular weight (SVW) (P = 0.0132 and P = 0.0115, respectively), as well as the ratio of SVW to BW (P = 0.0248 and P = 0.0127, respectively) compared to the DM group ( Table 1) .
Treatment with antioxidants did not improve hyperglycemia or testosterone concentrations in the serum
In Table 1 , the serum glucose levels and the serum testosterone levels are presented. All three diabetic groups had significantly increased concentrations of glucose in the serum compared to the Control (for all three diabetic groups P < 0.0001 compared to the Control). On the other hand, testosterone concentrations were extremely decreased in all diabetic groups compared to the Control group (for all three diabetic groups P < 0.0001 compared to the Control). Neither edaravone nor taurine increased the testosterone concentrations in the serum ( Table 1) .
Functional studies revealed hypercontractility of the tissue induced by diabetes
The functional data obtained by the in vitro organ bath studies are presented in Table 2 . In both NE-induced and carbachol-induced contractions in the DM group, the maximum contractions (E max ) of the seminal vesicles were significantly increased, demonstrating hypercontractility of the tissue, compared to the Control group (P = 0.0091 for NE-induced contractions and P = 0.0008 for carbachol-induced contractions). Although treatment with edaravone and taurine decreased the E max at NE-induced contractions, the differences were not statistically significant compared to the DM group (P = 0.3170 and P = 0.3068, respectively). At carbachol-induced contractions, treatment with edaravone and taurine significantly corrected the hypercontractility observed in the DM group (P = 0.0127 and P = 0.0489, respectively).
Diabetes-induced significant elevation of lipid peroxidation both in serum and seminal vesicles
The induction of diabetes significantly increased the MDA levels in the serum as well as in the tissue of seminal vesicles in the diabetic animals of DM (serum MDA: P < 0.0001 and tissue MDA: P = 0.0034) group compared to the Control. Both edaravone and taurine treatment significantly decreased the MDA concentrations in the serum (P = 0.0005 and P < 0.0001, respectively) and the seminal vesicles (P = 0.0400 and P = 0.0174, respectively), as well, compared with the DM group ( Table 1) .
Severe histological alterations were generated by diabetes Severe histological damage was induced by diabetes in the seminal vesicles both in the muscle layer and in the epithelium (Figure 1 ). More specifically, we observed a highly condensed thicker internal circular muscular layer and slight disorganization of the thin external longitudinal muscular layer. In addition, the cytoplasm of the muscle cells in the internal muscular layer appeared to have a comparative shrinking compared to the Control. Moreover, small vacuoles appeared in the smooth muscle cells, while the nuclei of the muscle cells appeared to be hyperchromatic, probably as a result of a vigorous response of the cells to the diabetes-induced damage.
The epithelium of the seminal vesicles consists of basal cells and nonciliated, pseudostratified tall columnar epithelial cells. The epithelium in the DM group had severe atrophy compared to the Control. The structure of the cells was completely disorganized while the pseudostratified columnar epithelial cells appeared to have a shrinking cytoplasm with decreased height. The complex papillary folds surrounding the lumen were observed in samples from all groups. Interestingly, within these folds (lamina propria), which were surrounded with epithelial cells, we observed a stronger staining with magenta color in samples from the DM group. The Masson's trichrome staining revealed fibrotic characteristics in the DM group stained with a light silver/grey color (Figure 2b ). There was a thick layer of connective tissue between epithelium and the internal circular muscle area, as well as between the papillary folds, while in many cases, the collagen fibers were extending within the circular muscle layer in the samples from DM group, demonstrating a histological image a lot different from the Control group (Figure 2) . Treatment with edaravone and taurine resulted in a better histological profile compared to the DM group. In both treatment groups, the circular muscle cells, as well as the epithelial cells, appeared to have normal cytoplasm without atrophic characteristics. In addition, treatment with edaravone or taurine alleviated the fibrosis (Figure 2c and 2d) .
Increase of apoptosis and oxidative stress markers expression in the seminal vesicles by the induction of diabetes
The immunohistochemistry demonstrated strong positive staining for DM samples for cleaved caspase-3 (Figure 3a-3d) , 4-HNE (Figure 3e-3h) , MDA (Figure 4a-4d) , and 8-OHdG (Figure 4e-4h) . More specifically, cleaved caspase-3 was mainly localized and expressed in the epithelial cells and secondarily in the inner circular muscle layer of the DM group (Figure 3b) . In the Control group, only a small number of cells demonstrating weak expression were detected, mainly in the muscular layer (Figure 3a) . The expression of cleaved caspase-3 in the treatment groups was considerably weaker compared to the DM group. A small number of epithelial cells appeared to be positive (basal or pseudostratified columnar epithelial cells; Figure 3c and 3d) . Lipid peroxidation markers 4-HNE and MDA demonstrated strong staining both in the muscular area and in the epithelium of the seminal vesicular tissue in the DM group compared to the Control (Figure 3e and 3f, and Figure 4a and 4b, respectively). Treatment with edaravone or taurine resulted in a staining pattern of weak positivity for both 4-HNE and MDA (Figure 3g and 3h, and Figure 4c and 4d, respectively) . Finally, the marker for DNA oxidative damage, 8-OHdG, demonstrated positive staining in the samples from DM group. More specifically, 8-OHdG was expressed strongly and was detected in the epithelium and in a more weak fashion in the muscular layer of the DM samples (Figure 4f) . The Control samples demonstrated negative staining for the 8-OHdG (Figure 4e) . The 8-OHdG expression in the epithelium of DM/Eda group samples was clearly decreased compared to the DM group (Figure 4g) . In the DM/Tau group samples, the 8-OHdG was expressed and localized both in the muscle and epithelial cells but in a weaker fashion compared to the DM group (Figure 4h) . Treatment with edaravone proved to be more beneficial for this marker compared with taurine. Negative controls for all markers are presented in Figure 5 .
No delivery recorded in any of the diabetic animals
The mating studies resulted in no newborns for any of the diabetic animal groups ( Table 1) . At the completion of the mating studies, the copulatory plugs found in the female rats that mated with DM rats were very small, while those generated by each treatment group appeared to be larger compared to the respective from the DM group, but still smaller compared to the respective from the Control group.
DISCUSSION
The male accessory sex organs are mainly dependent on androgen hormones for their normal growth, maintenance, and secretory function. 11 The present study demonstrated the deleterious effect of diabetes mellitus in the growth and function of the seminal vesicles. Diabetes induced a severe atrophy of the seminal vesicles which was demonstrated by the significantly decreased weight of the organ and the alterations in the histological evaluation. This atrophy resulted in an inability of the organs to function normally to contract and secrete appropriate volume of seminal vesicular fluid with the necessary components.
The diabetes-induced abnormal contractions of the seminal vesicular tissue can be attributed to: (a) the cytoplasmic atrophy of the muscle cells and the overall condensation of the muscle layer, (b) the decreased levels of testosterone, and (c) the excessive oxidative stress. According to our findings, treatment with edaravone and taurine could alleviate the hypercontractility of the seminal vesicles, by restoring the histology of the tissue, significantly decreasing the oxidative stress parameters but without having any positive effect on the testosterone concentrations in the serum. This gives evidence for the crucial role of diabetes-induced oxidative stress in the dysfunction of seminal vesicles. We do not exclude the important role of testosterone in the diabetes-induced dysfunction of the seminal vesicles, but we aim to raise concern on an alternative nonhormonal mechanism which can affect the function of these organs.
In accordance to our results, La Vignera et al. 12 in an attempt to evaluate seminal vesicles by ultrasonography in a sample of infertile diabetic patients with neuropathy concluded that these patients have peculiar seminal vesicles ultrasound features. 12 Such characteristics include the presence of parietal inflammatory lesions which are induced by the vesicular fluid stasis, regressive-reparative and destructive lesions of the muscular and fibroelastic fibers.
12 Furthermore, the authors described changes in the epithelial cells, such as the loss of the main columnar cells cilia or metaplasia of the same cells which further advances the stasis. 12 Morrison et al. 13 by investigating the effect of streptozotocin-induced diabetes in the seminal vesicles suggested that the changes observed in the organ may be related to the remodeling and regrowth of sympathetic nerve endings damaged in the early stages of hyperglycemia. 13 These changes may also contribute to disorders of ejaculation in diabetes.
The pseudostratified tall columnar epithelial cells are predominantly secretory, containing microvesicular lipid droplets and characteristic lipofuscin pigment granules. The severe atrophy of the epithelium, that we observed, induced by the diabetes can explain the extreme low volume of the seminal vesicular fluid in the DM group and, further, the very small copulatory plugs in the vulva/vagina orifice of the female rats after the mattings. Treatment with edaravone and taurine abrogated the histological alterations in the epithelial cells which further resulted in larger volume of the seminal fluid, and consequentially of the copulatory plugs as observed.
Immunohistochemistry revealed the expression and extensive localization of apoptosis marker, cleaved caspase-3 in the epithelium of DM group. Previously, Tanji et al. 14 demonstrated the castration-induced apoptosis of the epithelium in the seminal vesicles of the mouse. 14 The decreased androgen concentration resulted in upregulation of the apoptotic cells in the epithelium of the seminal vesicles. 14 In our study, we demonstrated a profound decrease of the intensity of caspase-3 staining at the treatment groups, compared to the DM group, although testosterone levels were not altered. This observation adds evidence to our hypothesis that oxidative stress may have a role in the induction of apoptosis in the epithelium of the seminal vesicles of diabetic animals. Yonezawa et al. 15 had previously demonstrated that in diabetic rats, the insulin replacement at the onset of early stage diabetes could prevent ejaculatory dysfunction of these animals. 15 On the contrary, when the dysfunction takes place, insulin treatment alone cannot restore the ejaculatory capacity back to normal levels. Finally, by measuring the seminal emissions and coagulated seminal materials, they suggested that the loss of seminal emissions happens because of decreased seminal vesicular fluid, which is probably involved in the mechanism of ejaculatory dysfunction in diabetic rats. 15 In our study, we found abnormal hypercontractility of the seminal vesicles in nontreated diabetic rats, but after mating, we observed copulatory plugs in the vagina of the female rats. Even though these copulatory plugs were small, they give evidence to the fact that the animals could perform intercourse and ejaculate, even with the given abnormalities. This further means that the absence of newborns is a result of the sperm inability to fertilize the oocyte. This, among other reasons, may happen because of (1) diabetes-induced hypospermatogenesis, (2) diabetes-induced decrease in testosterone production, or (3) It has been demonstrated that hyperglycemia induces oxidative stress, and it has been characterized as one of the major connections between diabetes and diabetic complications. 16 Hyperglycemia results into production of free radicals due to autoxidation of glucose and glycosylation of proteins. 17 Moreover, the oxidative stress seems to have some role in inducing nerve damage in the human, and several experimental animal models of diabetes. [17] [18] [19] [20] [21] [22] The mechanisms involved in oxidative stress-induced nerve dysfunctions include (a) generation of reactive oxygen species, (b) increased reactive nitrogen species, (c) lipid peroxidation, (d) DNA damage, and (e) reduction in cellular antioxidants. 17 The normal ejaculation involves sympathetic neuronal input, release of the ductus ejaculatory closure resistance, and coordinated contraction of the seminal vesicles, ductus deferens, and vas deferens smooth muscle cells. 23 Therefore, it appears that diabetes-induced oxidative stress also affects in a negative way the innervation of the seminal vesicles. From the findings of our study, we may suggest that diabetes-induced oxidative stress mediates probably a secondary mechanism to damage the seminal vesicles function.
For the investigation of diabetes-induced oxidative stress in the seminal vesicles, we employed both biochemical techniques and immunohistochemistry. All evaluated parameters for lipid peroxidation or DNA oxidative damage demonstrated an increased expression of these parameters in the DM group. Immunohistochemistry revealed that principally, the epithelium is negatively affected by diabetes.
Treatment with edaravone and taurine could alleviate the oxidative stress and apoptosis parameters. Both edaravone and taurine have proven antioxidant properties. More specifically, edaravone (3-methyl-l-phenyl-pyrazolin-5-1) is a neuroprotective drug with antioxidant action based on the inactivation of hydroxyl radicals (OH) and subsequently inhibits the OH-dependent and OH-independent lipid peroxidation. 24 The mechanism through which edaravone managed to mitigate oxidative stress markers may be through the decrease of the lipid peroxidation both in the seminal vesicles and the serum. An additional mechanism may be through protection of the preganglionic neurons which innervate the seminal vesicles 25 against the excessive hyperglycemia-induced oxidative stress. Taurine has both antioxidant and anti-inflammatory properties and it participates in various essential biological processes, such as membrane stabilization and immunity, 26 and it protects many organs against toxicity and oxidative stress-induced by various toxic insults, such as diabetes. 27 The seminal vesicles have been shown to secrete superoxide dismutase, glutathione peroxidase, glutathione reductase, catalase, and glutathione (GSH) into the seminal fluid, 28 as an additional antioxidative support for the spermatozoa. The mechanism responsible for the protective effect of taurine on seminal vesicular anatomy and secretory function may involve the enhancement of intracellular GSH level and increase of catalase activity and glutathione peroxidase 29 in the seminal vesicles. In this way, an enhancement of the antioxidant defense of the organ may counteract on the effects of the excessive oxidative stress.
Interestingly, the androgen-independent improvements in the seminal vesicular function and histology which were documented post-treatment did not increase the male fertilizing capacity. These results are consistent with a previous study in our laboratory demonstrating that diabetic rats treated with edaravone or taurine improved spermatogenesis as evaluated by the Johnsen score and decreased oxidative stress damage and DNA damage. 6 However, the results were not accompanied by an improvement in the live birth rate. 6 This result was attributed to the excessive production of ROS induced by the severe hyperglycemia which further impairs the late stages of spermatogenesis or spermiogenesis. 6 Future studies are necessary to elucidate the role of oxidative stress-induced dysfunction in the male genitalia and investigate in more detail about the alterations in the sperm maturation process in the epididymis in the diabetes model.
Seminal vesicles are responsible for the secretion of almost 50%-80% of the ejaculated seminal plasma. 30 Bromfield et al. 31 recently showed the importance of components of the seminal fluid for the growth and general health of the male offspring. 31 In addition, Poiani 32 emphasizes in the components of the seminal vesicular fluid of the mammals contribute to: (1) sperm defense, (2) stimulation of sperm capacitation, (3) seminal clot formation, (4) inhibition of neutrophils, (5) regulation of the acrosome reaction, (6) modulation of immune activity in female reproductive tract, (7) sperm transport by stimulation contractions in both male and female reproductive tract, (8) antimicrobial activity, and (9) liquefaction of the seminal fluid affecting sperm speed. 32 Furthermore, McGraw et al. 33 point out that the large number of proteins present in the seminal plasma is indicative of the substantial role of the seminal plasma in fertilization that happens naturally in the female. 33 It is apparent from the above studies that there is an important role of seminal vesicular fluid and its components in the fertility of the male and the spermatozoon ability for fertilization. Although the inhibition of oxidative stress, alone, in diabetic animals by antioxidants can restore the contractility of the seminal vesicles and the histology, it seems to be inadequate to restore the fertility potential of the animals.
The current findings suggest vividly that diabetes-induced oxidative stress mediates probably a secondary mechanism to damage the seminal vesicles function. The alleviation of this damage via antioxidant treatments alone may provide a more optimal ejaculation to the male by normalizing the contractions of the seminal vesicles. On the other hand, antioxidant treatments do not appear to be efficient to correct the reproductive potential of the diabetic male.
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